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1  | INTRODUC TION
Lungfish are air-breathing fish endemic to Africa (Protopterus), South 
America (Lepidosiren) and Australia (Neoceratodus) (Icardo, Wong, 
Colvee, Loong, & Yuen, 2010). African lungfish represent the family 
Protopteridae (Mlewa, Green, & Dunbrack, 2010) with four species in 
the genus Protopterus. Lungfish is in great demand amongst the consum-
ers, due to its substantial fillet size and good taste (Walakira, Atukunda, 
Molnar, & Veverica, 2012). With the rapid increase in demand, attempts 
have been made to culture the African lungfish Protopterus aethiopicus 
and other species, and the effect of formulated feeds on wild juveniles 
has been investigated (Walakira, Molnar, Phelps, & Terhune, 2014). 
Many studies were carried out to focus on the organization of the al-
imentary tract (Icardo et al., 2011; Joss & Hassanpour, 2009; Rafn 
& Wingstrand, 1981), highlighting the absence of a true stomach 
(Kardong, 2006) and studying the anatomy and histology of the spiral 
valve intestine (Icardo et al., 2011; Joss & Hassanpour, 2009).
The development of an efficient digestive system is reflected 
in the anatomy of the gastrointestinal tract (GIT), accessory diges-
tive organs and in the production of digestive enzymes (Onura, Van 
Den Broeck, Nevejan, Muendo, & Van Stappen, 2018). In teleosts, 
the ontogenetical development of the gastrointestinal tract is sim-
ilar and is initiated by endogenous feeding at hatching (Govoni, 
Boehlert, & Watanabe, 1986; Grosell, Farrell, & Brauner, 2010; 
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Abstract
The organogenesis of the digestive system was described in the African lungfish 
(Protopterus aethiopicus) from 6 days post-hatching (6 DPH) to 17 days post-hatching (17 
DPH) reared at 27°C. To elucidate the position of the gastrointestinal tract in relation to 
the neural tube, notochord and yolk sac at 6 DPH, and to the vertebral column, lungs and 
kidneys at 17 DPH, larvae were mapped by means of computer-assisted 3D reconstruc-
tions starting from histological serial sections. The larvae showed a simple digestive tract, 
which appeared as a straight undifferentiated and closed tube at 6 DPH. Microscopical 
observation showed that yolk reserves were not completely depleted by 17 DPH. During 
the endogenous feeding period at least up to 17 DPH, the larval digestive system experi-
enced a fast transformation with almost complete development of most digestive organs 
(pharyngeal teeth, intestinal vestibule, intestine and liver). Our findings suggest that, by 
17 DPH, African lungfish larvae are ready to start exogenous feeding.
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Wilson & Castro, 2010). However, there are differences be-
tween species in the presence or rate of stomach development, 
the shape of the gut, intestinal differentiation and functionality, 
which reflect differences in trophic levels (Khojasteh, 2012; Onura 
et al., 2018). Thus, understanding the progressive changes in the 
gastrointestinal tract of fish larvae is important in defining a proper 
larval feeding and weaning strategy (Gisbert, Ortiz-Delgado, & 
Sarasquete, 2008; Onura et al., 2018; Osman, Wuertz, Mekkawy, 
Verreth, & Kirschbaum, 2008). Several authors have stated how the 
complexity of the intestinal morphology in teleost fish varies with 
age and is also influenced by the quantity and quality of the feed 
(Gisbert, Conklin, & Piedrahita, 2004; Giesbert et al., 2008; Onura 
et al., 2018; Rønnestad et al., 2013). The gastrointestinal tract and 
associated organs are some of the most metabolically active tis-
sues in an animal. Therefore, in periods of food shortage or poor 
food quality, an animal may reduce the size and function of their 
GIT to conserve energy (German, Neuberger, Callahan, Lizardo, & 
Evans, 2009). Starvation or poor feed quality also resulted in a de-
creased size of the gut with reduced cell functions in Pterygoplichthys 
disjunctivus (German et al., 2009). Feeding Artemia nauplii in com-
bination or not with dry feed resulted into significant higher goblet 
cell counts in all intestinal parts of African catfish Clarias gariepinus 
larvae (Onura et al., 2018). As such, this knowledge is crucial for the 
successful introduction of any species into aquaculture.
Histology is an appropriate tool to analyse the development of 
the gastrointestinal tract: the determination of the time points at 
which the GIT is differentiated can be assessed, based on which 
feeding regimes can be optimized. One of the first steps to enhance 
the success of P. aethiopicus larviculture is the description of the 
ontogeny of the digestive system in order to synchronize the larval 
stage of development and maturation of the digestive organs with 
the feeding protocol and rearing practices, as well as to identify 
limiting factors during larval rearing. Thus, the histological develop-
ment of the digestive tract has been regularly used as a biomarker to 
assess the nutritional status of fish at early stages of development 
(Gisbert, Morais, & Moyano, 2013; Gisbert et al., 2008, 2014).
The objective of this study was to investigate the ontogenetic 
development of the gastrointestinal tract of P. aethiopicus larvae 
from 6 days post-hatching (DPH) up to 17 DPH. Light microscopy 
was used to identify the development of the gastrointestinal tract 
at different time points. The 3D reconstruction technique was used 
to identify the different anatomical structures at 6 DPH, since it was 
difficult at the beginning to clearly identify the gastrointestinal tract 
as it was a closed tube, and at 17 DPH to assess readiness of the 
GIT for exogenous feeding. These developmental stages in terms 
of days post-hatching were chosen to generate knowledge about 
the differentiation of the digestive tract of African lungfish during 
ontogenetic development. This is essential for understanding the 
nutritional physiology of larval lungfish and synchronization of the 
physiological stage of development with feeding practices and rear-
ing protocols. To our knowledge, this is the first histological study on 
the ontogenetic development of African lungfish larvae. This new 
information is expected to provide fundamental knowledge for fu-
ture nutritional studies during larval rearing of this lungfish species.
2  | MATERIAL S AND METHODS
2.1 | Experimental setup
The larval rearing trials took place at the Aquaculture Research and 
Development Centre (ARDC), Kajjansi, Uganda, in a static system com-
prising of nine glass aquaria of 60 L each, set at a rearing temperature of 
27 ± 1°C. The temperature was maintained by inserting a thermostatic 
heating rod in each aquarium. Aeration in each aquarium was provided 
by a single air stone. The aquaria were cleaned twice a day (morning and 
evening) by siphoning with a small tube that could suck up dead larvae, 
and water was replaced completely every morning. Borehole water and 
a natural photoperiod of 12 L/12 D was used. Fluorescent tubes in the 
hatchery of about 1,000 lux were used as the light source. Experimental 
parameters such as temperature and stocking density were chosen 
based on previous experiments carried out by the National Fisheries 
Resources Research Institute (unpublished data).
2.2 | Collection and hatching of eggs
Permission was sought and got from Dr. Rukunya. E., at the Directorate 
of Fisheries Resources, Ministry of Agriculture, Animal Industry and 
Fisheries, Entebbe, Uganda, to collect and use wild fish eggs.
A total of 16 egg nests were collected from Lake Bisina 
(1036′28″N 33057′43″E), eastern Uganda and transported (tran-
sit time 4 to 5 hr) in a well-aerated water tank to ARDC. On 
reaching the hatchery, the eggs were disinfected using an 8 gL-
1 sodium chloride (NaCl) bath for 2 min (NaFIRRI-unpublished 
data). This was done as a preventive measure to avoid fungal 
infection. After disinfection, the eggs were spread out onto 
hatching trays and incubated at 27 ± 1°C. The hatched larvae 
were counted individually, and 900 larvae were pooled together 
in one separate glass stocking aquarium filled up to the 30-L 
mark until 6 DPH. On the morning of 6 DPH, each of the nine 
glass aquaria was randomly stocked at 3 larvae L-1 and was filled 
up to the 33-L mark.. In the absence of published data about the 
mouth size of African lungfish larvae and given the wide use of 
Artemia as a starter feed, our larvae were provided with what 
was regarded as possible suitable starter feeds, comprising of a 
commercial dry feed, freshly hatched Artemia nauplii and decap-
sulated Artemia cysts of Great Salt Lake-type Artemia francis-
cana Kellogg 1906 (Ocean Nutrition). One of the three possibly 
suitable starter food types above was administered to a set of 
three aquaria until the end of the rearing period at 17 DPH. 
Feeding was done starting at 9:00 a.m., 12:00 and 4:00 p.m. 
every day. The live Artemia nauplii were maintained alive by 
storing them under refrigeration at 4°C.
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2.3 | Sampling procedure and 
morphological analysis
2.3.1 | Fixation, tissue processing and sectioning
Histological sections were used for describing the development of 
the gastrointestinal tract of the lungfish larvae. At least nine live fish 
larvae per feeding treatment (three larvae per replicate) were ran-
domly sampled on 6, 10 and 17 DPH. The larvae were fixed in Bouin's 
solution (saturated aqueous picric acid, formaldehyde 37%, acetic 
acid [glacial]) until processing and transported to the Department 
of Morphology, Faculty of Veterinary Medicine, Ghent University, 
Merelbeke, Belgium. On processing, the larvae were dehydrated in 
graded alcohols and embedded in paraffin wax using the STP 120 
Microm Tissue Processor and the embedding centre EC350-1 and 2 
(Microm, Prosan), respectively, as described by Gurcan et al. (2009). 
For light microscopic observation, transverse sections of 8 µm 
thickness were cut with the HM 360 Microtome using the Section 
Transfer System (Microm, Prosan). For general histology, the sec-
tions were stained with haematoxylin/eosin (HE) and periodic acid–
Schiff (PAS) following the description in Fischer, Jacobson, Rose, & 
Zeller, 2008.
2.3.2 | Morphological analysis
Morphological analysis was performed using the Olympus BX61 
light microscope equipped with an Olympus DP73 camera. Epithelial 
classification was based on the number of cell layers and the shape 
of the most apical epithelial cells.
3D Reconstruction
The quality of a variable number of slices of both 6 and 17 DPH 
larvae was assessed using an Olympus BX53 light microscope. All 
the selected slices for reconstruction were photographed with an 
Olympus DP73 digital camera mounted on the microscope with a 
4X magnifying objective lens. All images were saved in jpeg format 
in one folder containing 1,315 Amira stacked slices. The 3D recon-
struction image was made following the description of Cornillie, Van 
Den Broeck, and Simoens, (2008).
3  | RESULTS
3.1 | Visual observation of eggs and larvae
The eggs were oval, about 3 mm in diameter and varied in col-
our as some were orange, creamy, green or white. It was later ob-
served that white eggs were non-viable. Hatching was achieved 
3 days after arrival in the hatchery. On hatching, the larvae ap-
peared coiled and creamy in colour. The newly hatched larvae 
were immotile and settled on the bottom of the tank. They had 
a relatively large yolk sac and an eyespot and had a total length 
of about 1.2 cm. The fish larvae grew from a mean wet weight of 
0.05 ± 0.02 g to 0.08 ± 0.02 g. By 17 DPH, the animals still did 
not eat in contrast to what we had anticipated, although anatomi-
cally the GIT seemed ready for exogenous feeding. Consequently, 
all the histological work in this paper refers to larvae within the 
endogenous feeding phase.
3.2 | 3D Reconstruction
The internal morphology of the lungfish at both 6 and 17 DPH was 
well conserved, and therefore, no substantial difficulties were en-
countered during slice alignment and 3D reconstruction (Figure 1a 
& b). The position of the gastrointestinal tract observed in the cross 
sections of the 6 and 17 DPH lungfish larvae in the 3D reconstruc-
tion was comparable to the reference 6 and 17 DPH slices, respec-
tively, and was in similar orientation relative to the notochord, neural 
tube and yolk sac for the 6 DPH larvae and to the vertebral column, 
lungs and kidneys for the 17 DPH larvae.
3.3 | Histological development of the digestive 
system in the endogenous feeding stage
The development of the gastrointestinal tract and the major differ-
ences at the different time points are summarized in Table 1 below.
3.3.1 | Yolk sac
On hatching, the larvae had a large yolk sac. The digestive tract of 
the larvae consisted of a straight tube lying dorsal to the large eo-
sinophilic yolk sac (Figure 1a). The yolk extended on the ventral side 
from the head region all the way to the caudal region of the larvae. 
Most of the yolk reserves were consumed between 6 and 10 DPH. 
At 17 DPH, the yolk sac was still visible in histological sections. The 
yolk sac was surrounded by a thin undifferentiated eosinophilic epi-
thelial layer consisting of 2 to 3 cell layers. The yolk consisted of 
a large accumulation of ovoid eosinophilic yolk particles with scat-
tered spherical non-stained vacuoles throughout the yolk sac matrix. 
These vacuoles corresponded to lipids that were washed out during 
the paraffin embedding process of the samples.
3.3.2 | Mouth, oral cavity and pharynx
By 6 DPH, the mouth and anal opening appeared closed (Table 1). 
The larvae generally stayed at the bottom of the aquaria attached 
to the base by a thoracic sucker until swim up, a period when lar-
vae start to move about, either to pick up air to inflate the swim 
bladder or to look for food. The buccal cavity lumen was still closed 
(Figure 2a). The histological structure of the gastrointestinal tract is 
not yet differentiated at this stage (Figure 2a–c).
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By 10 DPH, the lumen of the buccal cavity was open (Table 1). 
The buccopharyngeal cavity was lined by a layer of undifferenti-
ated epithelium consisting of 2 cell layers and beneath it a thin 
layer of submucosa surrounded by a thick layer of connective tis-
sue rich in collagen by day 10 post-hatching. The basal layer was 
mainly composed of columnar cells while the top layer had mainly 
cuboidal cells. These cells had basal nuclei. This epithelium was ac-
tively growing as evidenced by several cells undergoing mitosis. 
External taste buds were present by this time, and the presence 
of pigment cells was also noticed (Figure 3a). Teeth development 
was seen in the connective tissue underlying the buccopharyngeal 
epithelium (Figure 3b).
By 17 DPH, the epithelium of the buccopharyngeal cavity 
was composed of a double layer of cells evolving into a stratified 
epithelium. The basal layer was mainly composed of columnar 
cells, while the top layer had cuboidal cells. These cells had basal 
nuclei. The epithelium was actively growing as evidenced by 
several cells undergoing mitosis. The epithelium also contained 
several goblet cells protruding into the lumen (Figure 4a). These 
secretory cells stained purple with PAS staining, indicating the 
presence of neutral goblet cells in the buccopharyngeal cavity. 
The lungfish larvae had both external and internal taste buds 
developed along the skin of the mouth and internal taste buds 
along the epithelium of the buccopharyngeal cavity, especially 
at its upper side (Table 1). The teeth plates seen at 10 DPH had 
developed further and were seen piercing through the epithe-
lial layer erupting into the lumen of the buccopharyngeal cavity 
by 17 DPH (Figure 4b).
F I G U R E  1   (a) Lateral view of selected 
internal organs of 3D reconstructed image 
of 6 DPH P. aethiopicus larva, showing the 
1a—neural tube, 1b—notochord, 2—an 
undifferentiated digestive tube, 3—yolk 
sac (reconstruction with Amira software). 
Each box is 500 µm in X and Y direction. 
(b) Lateral view of selected internal organs 
of 3D reconstructed image of 17 DPH 
P. aethiopicus larva, showing the 1—buccal 
cavity, 2—pharynx, 3—vestibule, 4—spiral 
valve intestine, 5—cloaca, 6—liver,  
7—pancreas, 8—lungs, 9—kidneys and 
10—vertebral column (reconstruction with 
Amira software). Each box is 500 µm in  
X and Y direction
TA B L E  1   Development of the gastrointestinal tract of P. aethiopicus larvae from 6 DPH to 17 DPH
Organ Structure 6 DPH 10 DPH 17 DPH
Oral cavity Mouth Closed Closed Open
Buccopharyngeal cavity Buccopharynx Closed Closed Open
Buccopharyngeal cavity Teeth Absent Teeth buds present in 
underlying tissue
Teeth erupting into the lumen of 
the buccopharyngeal cavity
Vestibule Vestibule Absent Present Present
Spiral valve Intestinal tract opening Closed Partially opened Fully opened
Spiral coils Absent Absent One complete spiral coil
Hind gut Cloaca Absent Absent Present
Digestive cells Goblet cells Absent Absent Present
Enterocytes Absent Present Present
Yolk sac residues Present Present Present (low quantity)
5078  |     SSERWADDA Et Al.
3.3.3 | Intestinal vestibule
By 6 DPH, the digestive tract appeared as a straight undifferentiated 
tube lying dorsal to the yolk sac but below the notochord and neural 
tube (Figure 1a). By 10 DPH, the digestive tract had differentiated into 
a buccal cavity, intestinal vestibule and spiral valve intestine. The in-
testinal vestibule was located directly posterior to the buccopharynx 
and extended from the posterior end of the gills to the spiral valve 
F I G U R E  2   Cross section of P. aethiopicus lungfish larvae at 
6 DPH at different levels. 2a: at the level of the eyes; future 
buccal cavity (1), 2b: at the beginning of the dorsal fin; closed 
gastrointestinal tract (2); 2c: at the level of the yolk sac; yolk (3) 
Stain: haematoxylin/eosin (HE)
F I G U R E  3   Cross section of P. aethiopicus lungfish larvae at 10 
DPH at different levels. 3a and 3b: at the level of the buccal cavity; 
cartilage (1), lumen of buccal cavity (2), taste buds (3), pigment cells 
(4) and tooth plates (5); 3c: at the level of the dorsal fin; partially 
opened gastrointestinal tract (6) and yolk (7)
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intestine. The wall of the intestinal vestibule at 10 DPH consisted of 
a multilayered epithelium surrounded with a thin submucosa with a 
very dense connective tissue that was rich in collagen. The multilay-
ered epithelium consisted of at least 2 cell layers of columnar to cuboi-
dal cells with basal and apical nuclei. There was also a ridge developing 
in the intestinal vestibule whose epithelium appeared undifferenti-
ated by 10 DPH.
By 17 DPH, the epithelium of the vestibule was mainly composed 
of columnar to cuboidal epithelial cells that appeared to be organized in 
at least two cell layers. This was evidenced by the presence of several 
F I G U R E  4   Cross section of 17 DPH P. aethiopicus lungfish larvae at different levels. 4a: at the level of the eyes; goblet cells (1), 4b: at 
the level of the buccal cavity; teeth (4), 4c and 4d: at the beginning of the dorsal fin; constriction of the gastrointestinal tract (arrows), 
gastrointestinal tract (7), respiratory tissue (8) and liver (6), 4e: constriction giving rise to two lobes of the lung (8), gall bladder (9) and bile 
duct (10), 4f: showing the liver (6) and gastrointestinal tract (7) on one side with the respiratory tissue on the other side
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basal and apical nuclei scattered within the epithelium. It also had some 
goblet cells interspaced between the epithelial cells. The goblet cells 
contained PAS-positive material which was also seen covering the ep-
ithelial lining into the lumen (Figure 4a). The epithelium also had cells 
actively undergoing mitosis. The epithelium was surrounded by adipose 
tissue with some blood vasculature and lymphatic ducts together with 
collagen. There also seemed to be condensation of mesenchymal tissue 
which signals muscle tissue formation by 17 DPH. The posterior end of 
the intestinal vestibule appeared to be folded, with folds increasing to-
wards the start of the spiral valve intestine by 17 DPH.
3.3.4 | Spiral valve intestine
At 6 DPH, the spiral valve intestine was undifferentiated as a straight 
tube lying dorsal to the yolk sac (Figure 1a). The spiral valve intestinal 
epithelium at 10 DPH was mainly composed of two cell layers of epithe-
lial cells. These epithelial cells were mainly cuboidal to elongate in shape 
evidenced by both basal and apical nuclei scattered throughout the epi-
thelium. The lumen of the spiral valve intestine was partially closed, and 
there was no cloaca by this stage of development (Figure 3c).
At the beginning of the spiral intestine, the epithelial lining was 
made up of a single layer of flattened cells at 17 DPH, caudally trans-
forming into an epithelium with two cell layers. These cells were 
mainly cuboidal in shape. The epithelium contained goblet cells in-
terspaced between the epithelial cells. There was the presence of 
cells undergoing mitosis. Towards the end of the spiral intestine at 
17 DPH, the gut lumen was seen to constrict laterally to give rise to 
two tubular structures, the respiratory tract and cloaca (Figure 4c). 
The intestine stayed dorsal but turned laterally to the right and 
continued as the cloaca while the bigger tubular organ further con-
stricted and divided into the two lobes of the lungs (Figure 4e). PAS-
stained sections allowed identification of two epithelial cell types 
based on their staining properties: enterocytes and goblet cells. 
Enterocytes were the dominant cells, and they showed a pale to 
moderately stained cytoplasm, whereas goblet cells presented an 
intensely stained cytoplasm. Variable amounts of pigment cells were 
also observed. At 17 DPH, the digestive tract was fully developed, 
and the spiral intestine leads into a cloaca which was the final seg-
ment of the gut. The cloaca was lined by columnar cells arranged 
in two layers with goblet cells interspaced between them. Several 
small folds appeared in both the spiral valve intestine and in the clo-
aca by 17 DPH (Figure 4f). By 17 DPH, only one turn of the spiral 
valve was observed (Figure 5).
3.3.5 | Liver
At 17 DPH, the liver was fully differentiated with a well-developed 
gall bladder and bile duct (Figure 4e). The gall bladder had some lu-
minal content (Figure 4e). The mucosa of the gall bladder had some 
small folds and a cuboidal epithelium. The hepatocytes revealed dis-
crete cell margins with large round centrally located nuclei (Figure 4f). 
The nuclei of the hepatocytes had dark chromatin granules. There was 
clear evidence of fat deposition by this stage, and some hepatocytes 
had some eosinophilic granules (Figure 4d). The liver cells were clearly 
attached to each other, making it difficult to identify whether there 
was any connective tissue between the cells. The liver vasculature was 
also well developed by 17 DPH (Figure 4d).
4  | DISCUSSION
This is the first study to show the development of the digestive or-
gans in African lungfish as 3D model. The 3D reconstruction model 
enables us to understand the morphology of the digestive organs 
and also provides a deeper insight into the mechanisms of feeding 
and digestive physiology during ontogeny (Kamisaka and Rønnestad, 
2011). This morphological assessment is critical in evaluating the 
changes in the gastrointestinal tract development and also the lar-
vae's ability to utilize food (Santos, Pedreira, Santos, & Souza, 2016). 
Morphology and spatial organization of the gastrointestinal tract 
can be a challenge to understand on the basis of 2D histological 
sections or drawings, especially when the elongated gut gets more 
coiled in the peritoneal cavity as the larvae develops (Kamisaka and 
Rønnestad, 2011).
Some authors have stated that the alimentary canal in fish de-
velops from endodermal cells located just above the yolk sac. At 
hatching, the alimentary canal is just a straight tube lying dorsal to 
the yolk sac, is closed at the mouth and anus in some species and is 
histologically undifferentiated along its length (Govoni et al., 1986; 
Zambonino Infante et al., 2008). Our findings at 6 DPH agree with 
Govoni et al. (1986) and Zambonino et al. (2008) since in the marbled 
African lungfish larvae, the digestive tract was a straight tube of un-
differentiated cells lying dorsal to the yolk sac.
F I G U R E  5   Three-dimensional images showing a lungfish spiral 
valve (A), cloaca (B) and the only spiral turn (C) at 17 DPH
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In African lungfish, the mouth and buccal cavity opening occurred 
between 10 and 11 DPH. This is rather a slow development as com-
pared to African catfish (Clarais gariepinus) and butter catfish (Ompok 
bimaculatus) larvae, in which mouth and buccal cavity open between 
1 and 2 DPH (Pradhan, Jena, Mitra, Sood, & Gisbert, 2012; Verreth, 
Torrelle, Spazier, & Sluiszen, 1992). Catfish species are amongst the 
most studied freshwater fish species, and in these species, there is 
a mixed feeding phase during which an overlap of endogenous and 
exogenous feeding occurs. The mixed feeding phase usually affects 
growth, survival and larval development through neutralizing any 
potential deficit in nutrient provision prior to depletion of yolk re-
serves during the time of transition to exclusively exogenous feeding 
(Pradhan et al., 2012; Treviño et al., 2011). The transition to exoge-
nous food in the presence of yolk reserves signifies the functionality 
of the alimentary canal, although further structural and functional 
development still continues from the larval to the juvenile and adult 
stages (Jaeroszewska & Dabrowski, 2011).
In our larvae, during the endogenous feeding period, the digestive 
system experienced fast transformation with the almost complete de-
velopment and differentiation of all digestive organs between 6 and 
17 DPH. This agrees with other studies (Buddington, 1985; Govoni 
et al., 1986; Ostaszewska, 2005), who also showed that absorption 
of the yolk sac is accompanied by intense development of the diges-
tive system in bony fish. The endogenous feeding in marbled African 
lungfish larvae reared at 27°C, took place for almost 2 weeks as mac-
roscopic yolk resorption was achieved by 14 DPH. However, traces of 
yolk granules were still visible microscopically even at 17 DPH. From 
our observations at 17 DPH, African lungfish larvae seem ready for 
food digestion anatomically, although they still or hardly take up any 
exogenous feed, and primarily still rely on yolk. It is therefore worth-
while to investigate whether cofeeding of the yolk sac larvae with ex-
ogenous food is possible in the larviculture of this fish.
The timing of the development of teeth, taste buds and goblet 
cells by 10 DPH, in the buccal pharyngeal cavity and vestibule in 
the African lungfish larvae, coincided with the opening of the buc-
copharyngeal cavity. The presence of both external and internal 
taste buds together with the increased the presence of goblet cells 
and the eruption of teeth into the lumen of the buccal pharyngeal 
cavity by 17 DPH coincided with the onset of exogenous feeding, 
which might be attributed to the involvement of the above struc-
tures in capture, taste and swallowing of preys. African lungfish 
generally prey on mollusks, small fish, crustaceans, aquatic insects 
and worms (Mlewa et al., 2010). Thus, the abundance of goblet cells 
in the buccal pharyngeal cavity and vestibule and their secretions, 
rich in PAS-positive mucosubstances, might serve as a lubricant in 
protecting both the buccopharyngeal and vestibule mucosa from 
the abrasion that ingesting these preys could produce (Gisbert, 
Sarasquete, Williot, & Castelló, 1999). By 17 DPH, the vestibule had 
an epithelium with a variable number of layers and a longitudinal 
ridge, but no glands were observed and indeed not a true stomach. 
Our findings on this section agree with Icardo et al. (2011), who also 
found that juvenile West African lungfish had no true stomach. The 
vestibule may simply function as a food storage organ or is meant to 
slow down the transit of food (Icardo et al., 2010, 2011). In addition 
to the above-mentioned role as a lubricant, the goblet cell secre-
tions could participate in the digestion of food and its transforma-
tion into chyme and in the absorption of easily digested substances 
(Sarasquete, Gisbert, Ribeiro, & Dinis, 2001).
The presence of a spiral intestine is a primitive feature usually de-
scribed in sturgeons and in some elasmobranches (Icardo et al., 2010; 
Kardong, 2006). This anatomical development simply increases the 
food transit time and facilitates digestion and absorption (Holmgren 
& Nilsson, 1999; Icardo et al., 2010). The general organization of the 
spiral valve intestine appears to be similar in life stages of the African 
lungfish species. It is only the number of the coils that appears to in-
crease with age, as the highest number of coils observed in a single 
section of West African lungfish was two coils, with the Australian 
lungfish having the highest number, that is six coils (Icardo et al., 2010; 
Rafn & Wingstrand, 1981). Only one coil was observed at 17 DPH in 
our study, due to the age of the specimen used. A higher number of 
coils indicates a delayed digestion time (Icardo et al., 2010). The spi-
ral valve intestine contained a smooth intestinal surface by 17 DPH. 
This is different from what is present in both 3- to 4-year-old juvenile 
Australian and West African lungfish, where the spiral valve is clearly 
divided into two well-differentiated portions: a first large chamber 
containing ridges and a smooth portion (Icardo et al., 2010; Rafn & 
Wingstrand, 1981). This could be due to the difference in age of the 
fish used in the respective studies. The early age of the larvae could 
explain the absence of the ridges in the anterior spiral intestine at 17 
DPH, unlike the anterior spiral intestine in juvenile P. annectens of 
100 g to 150 g. As in juvenile West African lungfish, the mucosa had 
a lamina propria which was very rich in collagen. It also contained the 
vasculature that supplied the epithelium (Icardo et al., 2011).
The spiral valve intestine had several types of cells; entero-
cytes are the dominant type of cells at 17 DPH and constitute a 
major component of the epithelium just as in juveniles of both the 
Australian and West African lungfishes (Icardo et al., 2011; Rafn & 
Wingstrand, 1981). The enterocytes play both absorptive and secre-
tory functions in mammals (Ross, Kaye, & Pawlina, 2003). However, 
functionality was not investigated in our study and such studies will 
be very important to understand the role played by these cells in 
marbled African lungfish larvae. Goblet cells are common compo-
nents of the digestive mucosa of larvae and adult fish (Zambonino 
Infante et al., 2008). In different vertebrates including fish, these 
cells are involved in transport, absorption and protection processes 
of the gut (Zambonino Infante et al., 2008). In fish, mucosubstances 
produced by buccopharyngeal and oesophageal goblet cells play 
an important lubricant role due to the lack of salivary glands, pro-
tecting the digestive mucosa from abrasion that feed particles may 
produce (Scocco, Accili, Menghi, & Ceccarelli, 1998; Zambonino 
Infante et al., 2008). The presence of goblet cells at 17 DPH may 
be an indication of absorptive preparedness in the lower digestive 
tract. This was also found in African catfish larvae by 3 DPH (Onura 
et al., 2018). Mucosubstances produced by goblet cells located in 
the cloaca may serve to lubricate the faeces, and in the intestine, 
they facilitate the absorption of nutrients as in other fish species 
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(Zambonino Infante et al., 2008). Other cell types found present in 
the connective tissue were pigment cells. They traverse both the 
connective and epithelial tissue just as shown in the juvenile P. an-
nectens (Icardo et al., 2011). The significance of these pigment cells 
in lungfish larvae is unclear, and our study did not investigate the 
role of the different cell types.
By 17 DPH, lungfish larvae had a well-differentiated mouth with 
structures for capturing and tasting preys, a developed vestibule and 
intestinal mucosa and a differentiated accessory digestive gland for nu-
trient storage (liver). At this stage, histological data indicated that the 
digestive system was functional and able to digest food, as first signs 
of lipid accumulation in the liver were noticed at the same time goblet 
cells were also seen in the gastrointestinal tract. Gisbert et al. (2014) 
highlighted lipid accumulation in the anterior and intermediate regions 
of the intestine and liver together with the onset of exogenous feed-
ing in Pseudoplatystoma punctifer, an Amazonian pimelodid catfish, at 
4 days post-fertilization at a time when the larvae were ready to re-
ceive exogenous feeding. The introduction of a cofeeding period for 
African lungfish larvae would be advantageous as it would guarantee a 
successful transition to exogenous feeding and minimize the negative 
effects of missing the narrow first-feeding window.
In conclusion, the ontogeny of the digestive system of P. aethi-
opicus followed the same general pattern as most teleost species 
described to date. Studies on the structure and function of the di-
gestive system in marbled African lungfish larvae will lead to a better 
understanding of the digestive physiology of this high-value species. 
These results on the organogenesis of larvae are a useful tool for es-
tablishing the functional capabilities and physiological requirements 
of larvae to ensure optimal welfare and growth under aquaculture 
conditions. This is a first contribution to master the larval rearing of 
the African lungfish. Future research should be focused on the on-
togeny of enzymatic secretions to provide precise information about 
the functionality of the digestive tract. It should also evaluate the ef-
fect of different feeding regimes using live feeds and/or formulated 
diets, on the maturation of the digestive tract.
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